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SMSIM   Fortran Programs for Simulating 
Ground Motions from Earthquakes

by

David M. Boore 

INTRODUCTION

This Open-File Report is in response to requests for my programs for simulating 
ground motions from earthquakes. The programs are based on modifications I have made 
to the stochastic model first introduced by Hanks and McGuire (1981). The report 
contains source codes, written in Fortran, and executables that can be used on a PC. 
Programs are included both for time-domain and for random-vibration simulations. In 
addition, programs are included to produce Fourier amplitude spectra for the models 
used in the simulations and to convert shear velocity vs. depth into frequency-dependent 
amplification. The report contains an improvement in the implementation of the random- 
vibration method not published before.

The programs do not include extended-fault models, nor do they account for path 
and site effects by direct computations of wave propagation in layered media (but such 
path and site effects can be captured in the program by piecewise-continuous frequency- or 
distance-dependent functions specified by the user). Furthermore, the random-vibration 
calculations do not make use of the many advancements in random-vibration theory 
subsequent to the early work of Cartwright and Longuet-Higgins (1956).

The programs are a recent major revision of my earlier programs and therefore almost 
certainly contain uneradicated bugs. Although they are distributed on an "as is" basis, with 
no warranty of support from me, I would appreciate hearing about bugs and improvements 
to the codes. Please note that I have made little effort to optimize the coding of the 
programs or to include a user-friendly interface. Speed of execution has been sacrificed 
in favor of a code that is intended to be easy to understand. I will be pleased if users 
incorporate portions of my programs in their own applications.

Other stochastic-model codes are available and in common use. In particular, the 
reader is directed to the programs in Volume VIII of Herrmann (1996) and RASCAL 
by Silva and Lee (1987). I have not made a detailed comparison of my codes to these 
other codes and therefore cannot make any statements about the relative strengths and 
weaknesses of the various codes.



The programs can be obtained via anonymous ftp on samoa.wr.usgs.gov in directory 
get. The source code, executables, sample input and sample output have been compressed 
into a single self-extracting binary file with the name SMSIM10.EXE. After copying this 
file to the user's PC, the files can be extracted by typing the name SMSIM10. The portion 
of the file name with the version number ("10" in this case) will change if the program is 
modified.

METHOD

A description of the method is given in Boore (1983), Boore and Joyner (1984), Boore 
(1986), and Joyner and Boore (1988), and will not be repeated here, other than to say 
that the radiation from a fault is assumed to be distributed randomly over a time interval 
whose duration is related to the source size and possibly the distance from the source to 
the site. The detailed parameters used to characterize the source, path, and site effects 
are described later in this report.

The ground motion can be obtained via time-domain (TD ) simulation, from which 
peak parameters such as peak acceleration and response spectra can be obtained (mean 
values of the parameters require a Monte Carlo simulation with many realizations for 
given input parameters). The peak parameters also can be obtained directly using random- 
vibration (RV) theory'. This is a much quicker way of obtaining the peak parameters, but 
it is not useful if time series are needed in the analysis. In addition, there are assumptions 
in the random-vibration theory that are not present in the time-domain simulations. For 
this reason, the time-domain simulations can be considered "truth" in the simulations; 
many simulations are needed (on the order of 50 or more), however, in order for the 
square-root-of-n reduction of noise to provide accurate estimates of the peak parameters. 
In general, I have found the random-vibration simulations to be good estimates of the 
ground motions in almost all cases, at greatly reduced computer time.

This report contains an improvement in my implementation of random-vibration 
theory. That an improvement was needed is shown in Figure 1, which compares the 
response spectrum computed using RV and TD simulations. The heavy line is the TD 
simulation, and the dashed line is the result from what used to be the preferred RV 
method. The results from the two methods track one another very well, except for certain 
period ranges where the RV results show discontinuous changes in value. I first noticed

'Some would prefer the term "random-process theory"; I have used "random-vibration 
theory" because many of the applications are to the vibrations of harmonic oscillators and 
because the term is more familiar to engineers.



these changes several years ago, but I had no explanation for them. I now understand 
why they occur, and I have found a way to prevent them (the improved results are given 

by the circles). The explanation has to do with how I treated the following integral from 
Cartwright and Longuet-Higgins (1956; their equation (6.8)):

1 r 
L /

2 Jov 2

where e is computed from the spectral moments and is a measure of the bandwidth 
of the spectrum, and N is the number of extrema, proportional to the square root of 

the ratio of the fourth and second spectral moments. This integral is the ratio of the 
peak and rms motions, which for our purposes is the fundamental piece of information 
provided by random-vibration theory. (Cartwright and Longuet-Higgins' equation (6.8) 
is an approximation to their equation (6.4); the code for computing equation (6.8) is 
simpler than that for equation (6.4), and judging from the comparisons with time-domain 
calculations in this report and other comparisons that I have made, it is an excellent 
approximation for the ranges of magnitudes, distances, and oscillator periods of interest 

in earthquake engineering. Using equation (6.4) would also require redoing the analysis 
of Boore and Joyner (1984) for determining the duration used to compute the rms   the 

Boore and Joyner results are based on equation (6.8) ). As described in my first paper 
on the stochastic model (Boore, 1983), I expanded the term in square brackets using the 
binomial series and integrated term-by-term. This gave equation (21) in Boore (1983). 

The expansion assumes that N is an integer, but N is computed from spectral moments 
and in general is not an integer. In the calculations shown by the dashed line in Figure 
1, however, the real number N was converted to an integer to determine how many terms 

of the series to include in the sum (equation (21) in Boore, 1983). For small N (e.g., 
for long-period oscillator response for short-duration earthquakes), changes by one integer 

lead to the discontinuous offsets seen in Figure 1. The solution to this is simple: calculate 
the integral in equation (1) numerically. The integral has an integrable singularity that is 
easily removed by the variable transformation

and the integrand is very well behaved, having a simple shape and decaying rapidly with 
increasing z. Using routines from Press et al. (1992), the integration is very rapid. Doing 
the integration numerically has another advantage: before, I devised an ad hoc scheme for 
switching from what I called the "exact" solution (the summation given by equation (21) 
in Boore, 1983, yielding the dashed line in Figure 1) to the asymptotic expansion of the 
integral. This scheme is discussed on p. 82 of Joyner and Boore (1988). Now there is no 

need to switch from one approximation of the integral to another   one simply computes
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the integral numerically at all times. Speaking of the asymptotic expansion (which is 
Commonly used in applications of random-vibration theory), the two-term approximation 
is shown by the light line in Figure 1; it is clearly inadequate at long periods.

One of the most important messages from the comparisons shown in Figure 1 is how 
well the RV method works, even for excitations much shorter than the oscillator period 

(the M = 4.0 source, with a stress parameter of 200 bars, has a duration of 0.24 sec). 
Further comparisons are shown in Figures 7, 8, 9, and 10, referred to in the discussion of 

input parameters.

THE PROGRAMS 

PROGRAM OVERVIEW:

The set of programs are collectively called SMSIM (Stochastic Model Simulation 
or Strong Motion Simulation, take your pick). Separate programs are included for 
the RV and the TD simulations, but an effort has been made to make the input and 
output parameter files the same for both applications. The programs include application- 

specific drivers (RV.DRVR and TD.DRVR) that call modules of subroutines (SMSIM.RV 

and SMSIM-TD}; these modules in turn call two additional modules of subroutines 
(RVTDSUBS and RECIPES). RVTDSUBS contains routines that are common to both 

applications, and RECIPES contains programs from Numerical Recipes (Press et a/., 1992). 
A few of the RECIPES subroutines are minor modifications of the routines in Press et al. ; 
the modifications are noted in the annotated list of programs.

The drivers provided in this report produce peak acceleration, peak velocity, and 
response spectra for a range of oscillator periods, all for a given distance and magnitude. 
The modules were designed so that the drivers can be easily modified to produce 

the ground-motion parameters for other combinations of magnitude, distance, or input 
parameters. (For example, recently I needed a table of response spectral values at many 
magnitudes and distances for a set of oscillator periods one file per period; it was easy 
to generate this by modifying RV.DRVR.)

Programs are also given to compute Fourier spectral amplitudes corresponding to 
the model specified by the input-parameter file (FAS.DRVR) and for computing a first- 

order approximation to site amplification given depth-dependent velocity and density
(SITE-AMP).



The purpose of each program and subroutine is noted in the following annotated list. 
Following this description are some notes about compiling and modifying the programs 

and descriptions of parameter input and program output.

ANNOTATED LIST OF PROGRAMS:

A short description is given of the purpose of each program; for details, see the program 
listings in Appendices A through E. The user may find that some of these programs are 

useful in other applications.

Random Vibration Programs:

  RV-DRVR: The front-end program for the random-vibration calculations. Interac 

tively obtains input and output file names, whether or not response spectra are to be 
computed, and information needed to set the damping and periods for the response 
spectra. The periods can be either individual periods or a set of periods between 
specified limits. The program obtains input parameters from a file, and passes these 
parameters to the subsequent subroutine modules through common blocks (dimension 
statements, variable declarations, and common statements are contained in SMSIM.FI 

and are inserted into RV-DRVR at compile time by the use of the Fortran INCLUDE 
statement.) The input parameters can, of course, be overridden in customizations 
of the driver program. This would occur if, for example, the motion is required for 
many values of the stress parameter rather than the one value included in the input 

parameter file. The program also obtains interactively the magnitude and distance 
for the simulation. The program computes peak velocity, peak acceleration, and, if 
specified, response-spectral amplitudes, with separate calls to the main subroutine 
(SMSIM-RV). After writing the results to an output file in columnar format, the 

program loops back for another magnitude and distance, if desired.

  SMSIM-RV: The main subroutine module for the random-vibration calculations, 
called separately for peak velocity, peak acceleration, and response-spectral output. 

The routine calls subroutines to set some frequency-independent spectral parameters 
and calls GET-MOTION, which does the actual simulations. The various subroutines 
included in the module are:

  GET-MOTION: Computes the necessary spectral moments and uses these 
moments in the numerical integration that provides the simulated amplitudes. 
The routine also computes the values based on the one- and two-term asymptotic 
expansions, in case the user wants to compare them to the results from the direct



integration of equation (1). These estimates, pk.cLl and pk.cL2 (standing for 
r>eak motion from Cartwright and Longuet-Higgins formulation using i- and 2- 
term asymptotic expansions), are available through a common block included in 
SMSIM.FI.

  CL68-NUMRCLJNT: Calls routines to compute the integral in equation (1) 
(equation (6.8) of Cartwright and Longuet-Higgins, thus "CL68').

  CL68-INTEGRAND: A function defining the integrand in equation (1).

  AMOM-RV: A function that returns a spectral moment, computed by adaptive 
integration. Unlike the straightforward integration of equation (1), I recommend 
adaptive integration (whose step sizes vary according to the requirements of the 
integrand) for the spectral moments; the spectral moments can have spike-like 
integrands, particularly for lightly-damped oscillators. The problem of fixed- 
increment integration is particularly critical for long-period oscillators, for which 
care must be taken that the frequency increment is not too coarse to approximate 
adequately the spectral moment.

  DERIVS: Subroutine needed in the adaptive-integration routine ODEINT de 
scribed in the RECIPES section.

Time-Domain Programs:

  TD-DRVR: The front-end program for the time-domain calculations. Interactively 
obtains input and output file names, whether or not response spectra are to be 
computed, and information needed to set the damping and periods for the response 
spectra. The periods can be either individual periods or a set of periods between 
specified limits. The program also asks if sample time series are to be saved in a 
file. The program obtains input parameters from a file. The program also obtains 
interactively the magnitude and distance for the simulation. The program determines 
peak velocity, peak acceleration, and, if specified, response-spectral amplitudes, with 
one call to the main subroutine (SMSIM.TD). This differs from RV-DRVR, which 
made separate calls to SMSIM.RV in order to obtain the three main types of ground 
motion (the reason for the difference is that I decided that most applications would 
require simulations for a number of oscillator periods, which are most efficiently 
computed by passing a simulated time series to a subroutine that computes response 
spectra). After writing the results to an output file, the program loops back for 
another magnitude and distance, if desired.
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SMSIM-TD: The main subroutine module for the time-domain calculations. For 
each realization, it calls a routine that returns the acceleration time series, and then 
computes peak acceleration, peak velocity, and response spectral amplitudes for this 
time series. After the loop over realizations, the program computes the arithmetic 
average (NOT the log average) of the motions. The various subroutines included in 

the module are:

  GET-ACC: The main computations for computing a time series are contained 

in this routine, which passes the time series through its argument list. The 
amplitudes are scaled such that the average of the squared spectral amplitudes 

of the random number sample, before frequency-domain filtering, is unity. This 
scaling differs somewhat from that of G. M. Atkinson, which was used in Atkinson 

and Boore (1995). In her implementation, the scaling was in terms of the average 

spectral amplitude rather than the average of the squared spectral amplitude. The 
difference between scaling leads to a systematic difference in the results, such that 
the motions in the tables in the Appendix of Atkinson and Boore (1995) would 
be reduced by about a factor of 0.89 if my scaling is used.

  GET-VEL: Returns a times series that is the integral of an input time series, 

after detrending the input.

  DCDT: A routine written by C. S. Mueller that detrends a time series.

  MNMAX: Returns the minimum and maximum of an array.

  MEAN: Computes the mean of an array.

  AVGSQ-REALFT: Returns the average of the squared spectral amplitudes 
computed by REALFT, not including the values at zero frequency and the 

Nyquist frequency.

  WIND-BOX: Returns values of a window using a raised cosine-taper at each end.

  WIND-EXP: Returns values of an exponential window (see Boore, 1983, for the 
equation).

  RD-CALC: Computes the relative displacement of the response of an oscillator 
to a specified motion; see the program listing for authorship.
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Fourier-Amplitude Programs:

  FAS-DRVR: The front-end program for the calculation of Fourier amplitude spectra. 
The program closely follows the other drivers in obtaining input and output file 
names. After writing the results to an output file, the program loops back for another 
magnitude and distance, if desired. The program will compute Fourier amplitude 

spectra of ground displacement, velocity, and acceleration; it will also compute the 
Fourier amplitude spectra of the response of up to 10 oscillators.

  SMSIMFAS: The main routine for computing the Fourier acceleration spectra.

Subroutine Modules:

Many of the subroutines are common to the RV , TD , and FAS programs, and they 
have been collected into two modules, as listed below. In addition, a file with declaration 

and common statements is used by all of the programs.

  SMSIM.FI: This is the file with the declaration, dimension, and common statements.

  RVTDSUBS: This includes the following routines:

  GET.PARAMS: Reads the input parameters from a file and computes the upper 
limit of integration for RV calculations and the number of points for the FFT 
calculation in TD simulations.

  WRITE.PARAMS: Writes the input parameters to a file.

  SPECT.AMP: A frequency-dependent function that computes the Fourier spec 
tral amplitudes.

  CONST.AMO.GSPRD: Computes the frequency-independent part of the Fourier 
spectrum, including the geometrical spreading factor.

  GSPRD: A function that computes the geometrical spreading factor.

  BUTTRLCF: A function that returns the response of a bidirectional high-pass 
Butterworth filter.

  SPECT^SHAPE: A frequency-dependent function that computes the displace 
ment spectrum, normalized to unity at zero frequency. Several spectral shapes

11



are built-in, and the routine can be customized to include any arbitrary shape.

  SPECT-SCALE: Returns parameters that control the scaling of the spectrum 
with source size. These include seismic moment and corner frequencies. The 

scalings include single-corner frequency and the Joyner (1984) and Atkinson 
(1993) two-corner-frequency scalings. The routine can be customized to include 

other spectral scalings.

  SITE-AMP-FACTOR: A frequency-dependent function that computes the site 
amplification factor.

  DIMIN: A frequency-dependent function that returns the spectral diminution 

factors, including kappa, fmax, and whole path Q.

  Q\ A frequency-dependent function that computes the whole-path Q.

  HARMOSCF: A frequency-dependent function that evaluates the amplitude 
response of a harmonic oscillator. It is used in the RV calculations of response 

spectra.

  DURSOURCE: A function that returns the source duration for an earthquake 

with specified corner frequencies.

  DURPATH: A function that computes the part of the duration that depends on 

distance rather than earthquake size.

  SKIP: A simple routine that skips over a specified number of lines while reading 
a file.

  GET-DATE: Returns the system date. The routine uses Lahey Fortran system 
calls, but the modifications needed by the Microsoft Fortran compiler are 
indicated in the source code.

  GET-TIME: Returns the system time. The routine uses Lahey Fortran system 

calls, but the modifications needed by the Microsoft Fortran compiler are 
indicated in the source code.

  TIME-DIFF: Computes the difference in time obtained with two calls to 
GET-TIME; it is not compiler-dependent.
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RECIPES: Except for a few minor modifications indicated in the annotated list, the 
routines in this module are taken directly from the second edition of Numerical Recipes 

(Press et a/., 1992). I was not able to obtain permission to distribute the source code, 
either via hard-copy or via diskette, without paying a license fee. The routines have 
been linked into RV.DRVR.EXE and TD.DRVR.EXE, and I do have permission to 

use them in this way. Users of anything but these executables must obtain their own 

Numerical Recipes routines, which is excellent advice in any case. The book and 

the diskette that can be purchased from Cambridge University Press (address: Order 
Department, 110 Midland Avenue, Port Chester, New York 10573; phone: 1-800-431- 
1580). The module includes the following routines; annotation is given only when a 
modification of the original routine has been used:

  QMIDPNT: This is Numerical Recipes routine QTRAP, renamed and with the 
word "midpnt" substituted for "trapzd".

  MIDPNT:

  LOCATE:

  ODEINT: The program must be modified by removing the word "rkqs" from the 

parameter list and from the external statement.

  RKQS:

  RKCK:

  GASDEV:

  RANI:

  REALFT:

  FOUR1:

Site-Amplification Programs:

Included here are other programs that may be useful to the user.

  SITE-AMP: This program converts a velocity and density model into a frequency- 
dependent site amplification, using the square root of the ratio of seismic impedances
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at the source and near the surface. The surface seismic impedance is based on the shear 
velocity and density averaged over a depth equivalent to a quarter of a wavelength 
(this is how frequency enters into the computation).

  F4RATTLE: This program reads a file made by SITE-AMP and writes a file in the 
proper format for use by RATTLE, C. Mueller's program for computing the response 
of a stack of layers to SH waves.

COMPILATION AND MODIFICATION:

I used the F77L-EM/32 Fortran 77 Version 5.20 compiler from Lahey Computer 
Systems for all but the site-amplification programs, for which I used the Microsoft Fortran 
compiler, Version 5.1. The Lahey compiler was used in order to handle the large arrays in 
the time-domain programs. The commands to compile and link the program are as follows:

f7713 rv.drvr 

f7713 smsim_rv

3861ink rv.drvr smsim_rv -maxdata 0 -stub runb -exe rv_drvr.exe 

The time-domain code is assembled by substituting "td" for "rv".

The -stub switch binds a run-time DOS-extender into the executable file, so that the 
Lahey programs are not needed to run the program. As a result of the extra code, the 
executable file is larger than if, for example, the Microsoft Fortran version 5.1 compiler 
had been used (I have assembled the random-vibration code using both; although a larger 
file size, the execution time is shorter with the Lahey compiler).

The compilers are fast enough that I have used the Fortran INCLUDE statement 
at the end of SMSIM.RV.FOR and SMSIM.TD.FOR to bring in the subroutine modules 
RVTDSUBS.FOR and RECIPES.FOR at compile time. It would be more efficient, of 
course, to produce a library module and link this module with the application-specific 
programs.

Modifications are easy to make in the routines. As indicated above, changes in 
source shape and source scaling can be included by modifying the appropriate routines in 
RVTDSUBS.FOR] allowance has been made for an input parameter to choose any added 
source shaping or scaling without changing the original meanings of the input parameter. 
A more likely modification would be to write new drivers to produce ground motion for
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other combinations of magnitude, distance, stress parameter, or oscillator periods. In this 
case, only the drivers RV.DRVR.FOR and TD.DRVR.FOR need be changed.

The emphasis in the output is on various peak measures of ground shaking. The time- 
domain simulation program does have the option of storing an acceleration and velocity 
time series in a file, but modifications are required if the user needs to store a suite of time 
series. This can be done easily by modifying the "if (isim .eq. nacc.save)" loop in 
subprogram SMSIM.TD.

INPUT AND OUTPUT OF SMSIM AND FAS PROGRAMS:

A sample input file is given in Figure 2. The parameters in this file do not represent 
any particular model that I have used in applications to either western North America 
(e.g., Boore, 1983, 1986; Boore et a/., 1992) or eastern North America (e.g., Boore and 
Atkinson, 1987; Boore and Joyner, 1991; Atkinson and Boore, 1995). The parameters have 
been chosen to illustrate the input parameters needed by the programs. The parameters 
are not to be used for a particular application. I am reluctant to give input files with 
the parameters used in some of my papers because my ideas concerning the appropriate 
parameters are evolving. For the convenience of the reader, however, I have included 
the input-parameter files for the Atkinson and Boore (1995) model and my current coastal 
California model in Appendices F and G. (I use the term "coastal California" to reflect more 
accurately the source of the data used in determining the parameters than the commonly 
used phrases "western United States" or "western North America"; this parameter file 
must not be used for distances beyond 100 km.) To emphasize the evolving nature of the 
coastal California model, I have used the date of the latest modification of the file as part 
of the file name.

The input-parameter file is made up of lines of text and lines containing the input 
parameters. The lines of text are for the convenience of the user; the programs skip over 
them. It is very important that the number of text lines remain the same, however, for 
otherwise the program will attempt to read a text line as a parameter line. In other words, 
only change the parameter lines! In addition, list-directed input is used. This means that 
all parameters must be included, even if some are not used.

The program FASJDRVR does not need the parameters in the last several lines of 
input file, but these lines should be included nevertheless.

Input From Screen:

The programs ask questions of the user regarding input file name, file name for
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summary listing, and file name of file containing results in columnar form, suitable for 
import into graphics programs. In addition, the user is asked to provide information 
regarding whether or not response spectra are to be computed and the damping and 
the periods for which the spectra will be computed. The periods can be entered 

individually or can be computed by the program for a specified range and number of periods 

(logarithmically spaced) . Alternatively, the spectra can be computed at the standard set of 
91 periods used by the USGS and CSMIP in their routine processing of strong-motion data. 
In addition, the time-domain program asks if a sample of the acceleration and velocity time 
series should be saved, and if so, which sample. After the results are written to various 

output files, the program asks if computations are to be made for another distance and 
magnitude, and if so, asks for the name of the file to which the output will be written in 

columnar format.

The numbers entered in response to a program query need not contain decimal points. 
For example, a period of 2.0 sees can be entered as "2.0" or "2". In addition, if the user 
forgets to enter the parameter on one line, the program will expect the input on the next 
line.

Input From File:

1. rho, beta, prtitn, radpat, fs: These parameters are the density (in gm/cc) and shear- 

wave velocity (in km/s) in the vicinity of the source, the partition factor (to partition 

the S wave energy into two horizontal components, usually given by l/\/2; it should 
be consistent with the next parameter), the radiation pattern, averaged over some 
portion of the focal sphere (this should refer to the radiation factor of the total S- 

wave radiation if the partition factor is taken to be l/\/2; see Boore and Boatwright, 
1984, for tables of values), and the free surface factor (usually equal to 2). Note that 

rho, beta were 2.7, 3.2 and 2.8, 3.8 in the applications of Boore (1983) and Atkinson 
and Boore (1995), respectively. I now suggest 2.8, 3.5 for WNA and 2.8, 3.6 for ENA.

2. source number, pf, pd: These parameters control the shape of the spectrum. As 
explained in the text lines in the input-parameter file, the source number specifies 

whether the spectral shape is a single-corner spectrum (source number = 1), one of 
two possible double-corner spectra (source number = 2 for Joyner (1984), as modified 

in Boore and Joyner (1991); source number = 3 for Atkinson (1993)), or a different 
spectral shape resulting from a modification of the program (source number = 4). The 
parameters pf and pd are used if source number = 1 and control the spectral shape 
given in the following equation:

+ (f/fc ) pfrd , (2)
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where fc is the corner frequency. For the usual single-corner model, pf = 2 and 
pd = I. A sharper corner, preferred by some, is given by pf = 4 and pd = 0.5. In all 
cases, an omega-square model requires that pf x pd = 2.

3. stressc, dlsdm, fbdfa, amagc: These parameters control the scaling of the spectral 
amplitudes with source size, primarily by specifying the dependence of the corner 
frequencies on magnitude. The parameters are not used if source number = 3, but 
in this case dummy parameters must be included in the input-parameter file. The 
parameters fbdfa and amagc are used if source number = 2, in which case fbdfa is 
the corner frequency fb divided by fa and amagc is the critical moment magnitude 
beyond which the scaling is no longer self-similar. If source number = 1, then the 
stress parameter is given by:

A<7 = streSSC X lQdlsdmx(M-amagc) ^

The usual case of magnitude-independent stress is given by setting dlsdm, = 0.0 (note 
that "dlsdm" stands for derivative of log sigma with respect to magnitude), stressc 
has units of bars.

4. nsegs, (rlow(i), slope(i), i = 1, nsegs): These parameters control the geometrical 
spreading, as represented by nsegs segments, each starting at rlow with a distance- 
dependence of rslope beyond rlow (in all cases, specify rlow(l) = 1.0). In the sample 
input-parameter file, the geometrical spreading is r~ l from 1.0 (actually, any distance 
less than 70 km) to 70 km, r° from 70 to 130 km, and r~°- 5 beyond 130 km (this is 
the dependence used by Atkinson and Boore, 1995).

5. frl, Qrl, si, ftl, ft2, fr2, Qr2, s2: The whole-path attenuation is given by

exp(-7r/r/e(/)/J), (4)

in which the function Q(f) is described by the parameters in this entry of the input- 
parameter file. As shown in Figure 3, Q(f) is given by a piece wise continuous set of 
three straight lines in log Q and log/ space. The first and third lines have slopes of si 
and s2 and values of Qrl and Qr2 at reference frequencies frl and /r2, respectively. 
The first and third lines apply for / < ftl and / > /t2, respectively, with a straight 
line in log Q, log/ space connecting the values of Q at the transition frequencies ftl 
and ftl (in other words, Q(f) = Qrl(f/frl) sl for / < ftl and Q(f) = Qrl(f/frl) sl 
for / > /£2, with a connecting line between these two). I decided on this representation 
after much experimentation; it is the simplest way of representing a complicated Q(f) 
function with terms that are familiar to most users. The values in the sample input- 
parameter file have been chosen to represent closely the Q(f) function given in Boore
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(1984) and in my WNA applications. (As in all of the input parameters for specific 
applications, this function should be confirmed or modified based on special studies; in 
particular, intermediate- and long-period motions at large distances can be sensitive 
to the location of the low-frequency branch of the Q(f) function, which is not well 
determined from data). Note that because the decision of which line segment to 
use depends solely on the transition frequencies, the relative size of the reference 
frequencies does not matter (i.e., frl could be less than frl). Two special cases 
should be mentioned: Q = QQ (a constant) and Q = Qr (f/fr ) s - The constant-Q 
case is given by specifying si = 0, s2 = 0, Qrl = QQ, Qrl = Q0 , and any non-zero 
values for frl, fr2, ftl, and ftl. The special case of a single power-law dependence 
is specified by Qrl = Qr , Qrl = Qr , frl = fr , and frl = fr , and any non-zero values 
for ftl and ftl. All frequencies should have units of Hz.

6. W-fa, W-fb: The source duration used in the calculations is given by

dursource = w.fa/fa + w-fb/fb, (5)

where fa and fb are the source corner frequencies. For the single corner-frequency 
model (source number = I), fa   fb, so any combination of weights w-fa and w.fb 
can be used, as long as they add up to the desired weight. In my WNA applications, 
I used w-fa = 1.0 and W-fb = 0.0. In Atkinson and Boore (1995), w-fa = 0.5 and 
w.fb = 0.0.

7. nknots, (rdur(i), dur(i), i = 1, nknots), slope of last segment: These parameters are 
used in the specification of the path duration by a series of straight-line segments with 
parameters nknots, rdur, dur, slope of last segment, where nknots is the number of 
intersections between line segments. The meaning of these parameters is indicated in 
Figure 4. The values given in the figure correspond to those in the input-parameter 
file, which in turn were chosen to represent the duration used by Atkinson and Boore 
(1995). For my WNA applications I used one segment with a slope of 0.05 (i.e., 
nknots = 1, rdur   0.0, dur   0.0, slope = 0.05), but this was assumed without any 
special studies as was done for the Atkinson and Boore (1995) application. Atkinson 
(1995) finds a very different relation for western Canada; a comparable study should 
be done for other regions.

8. namps, (famp(i), amp(i), i = 1, namps): The site amplification is approximated by 
a series of straight-line segments in log amplification, log frequency space, connecting 
the values famp, amp. The amplification for / < famp(l) and / > famp(namps] is 
given by amp(l) and amp(namps), respectively. This is shown in Figure 5 (which uses 
the parameters in the input-parameter file). The numbers in the data file were
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invented for the sake of illustration. Suggested values for WNA, based on my 
recent work (Boore and Joyner, 1996), are given in Appendix G. For no amplification, 
set namps   1, amp = 1.0, and famp equal to any number.

9. fm, kappa: The diminution function is controlled by the parameters fm and kappa. 

They are used in the following filter:

exp (-TT x kappa x f)/\/l + (f/fm)8 . (6)

In many applications only one or the other of the two parameters are desired; this is 
easy to implement with appropriate choices of the parameters. For example, to use 
only /ra, specify kappa = 0.0; to use only kappa, specify a large number for fm,. The 

units of fm, kappa should be consistent with that of / Hz and I/Hz.

10. fcut, norder: In some cases it may be desired to include a low-cut filter in the 
simulations. This might be the case, for example, for simulations of processed strong- 

motion data. The parameters fcut and norder control the low-cut filter and are used 
in BUTTRLCF. The filter is given by the following function:

1.0/(1.0 + (fcut/f) 2 - 0xnorder ) (7)

(this is the response of a bidirectional filter made up of two Butterworth filters, each 

of order norder). Set fcut = 0.0 for no filter.

11. zup, eps.int, amp.cutoff: The first parameter specifies the upper limit in the integral 
of equation (1). I have found that 5 seems to be a good number for this limit, and 

there is probably no reason to change the value from that in the sample file (zup = 10). 
The second parameter specifies the error in the adaptive integration routine ODEINT, 

and the third is used as the basis for computing the upper frequency limit (fup) used 
in the random-vibration calculations (this is computed in subroutine GET.PARAMS 

and also in RV.DRVR). fup is determined such that the exponential in the equation 
above has a value of amp.cutoff. I have found the values in the sample input-parameter 
file to give good results, but the user should experiment to make sure that they are 

appropriate values. I have included these three parameters for generality, even though 
I do not anticipate that they will be changed.

12. indxwind, taper, twdtmotion, eps.wind, eta.wind: These parameters control the 
shape of the window applied to the random number time series in the time-domain 
simulations. Either a box (indxwind = 0) or an exponential window (indxwind = 1) 

can be used (see Boore (1983) for more discussion of the latter), taper is used only
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in the box window; it is the fraction of the duration of motion for which a raised- 
cosine taper will be applied to the front and to the back of the box window (i.e., , the 
extent of the taper will be taper x (dursource -f durpath) in both the front and the 
back of the window), taper is not used for the exponential window. The parameters 
twdtmotion, eps.wind, and etajwind are only used for the exponential window. The 
meaning of the parameters is best seen by referring to Figure 6. Sample output for 
the box and exponential windows is given in Figures 7 through 10 for M = 4 and 

7, and R = 10 and 200 km. The results in the figures indicate that, in general, the 
response spectral amplitudes from the exponential window are closer to the random 
vibration results than are those from the box window. This is not surprising, because 
the correction factor for oscillator response proposed by Boore and Joyner (1984) and 
used in the SMSIM programs was derived empirically from calculations made using 

the exponential window.

13. tsimdur, dt, tshift, seed, nruns: These parameters deal with time-domain details. 

tsimdur is a minimum duration for which the motion will be computed and dt is the 

time spacing. The program chooses the number of time points npts to be a power 

of 2 such that the duration of the time series equals or exceeds tsimdur (the arrays 
are dimensioned such that npts must be less than or equal to 16,384; it is up to 
the user to make sure that this condition is satisfied). The program will display an 

error message and stop if the calculated duration (including contributions from the 
initial delay, the source, the path, and the window) exceeds the duration npts x dt. 

The parameter tshift produces a time shift in the start of time series; this can 
be useful to accommodate pre-arrival tails due to the noncausal filters used in the 
analysis, seed and nruns are the initial seed of the random-number generator and 
the number of time-domain simulations, respectively. If peak motions are desired, 
nruns should be large enough to reduce the uncertainty in the computed means of 

the peak motions determined from each realization. Examples of results computed for 
several nruns are given in Figures 11 and 12. In general, the uncertainty in the mean 

decreases as l/^/nruns. Note in these figures that the time-domain and random- 

vibration results show some systematic disagreements for the larger earthquake. This 
difference is a maximum of a factor of about 1.12, and is probably related to the 

assumption in the random-vibration theory that the amplitudes of successive peaks 
are independent of one another. This is certainly not true for a long-period oscillator 
response. Corrections schemes for "clumping" might yield a better comparison. I 
tried one such scheme (due to Toro, 1985), but the comparison was not improved. In 
view of the aleatory uncertainty in ground-motion data and the epistemic uncertainty 
in the input parameters, I am willing to live with uncertainties that in general are 

less than 10 percent in order to take advantage of the greatly increased speed of the
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random-vibration calculations compared to the time-domain calculations.

14. remove dc from random series?: This parameter was included in the development of 
the program. If not equal to 0.0, then the mean of the random number sample will 

be removed before windowing and transforming into the frequency domain. I suggest 

that the parameter be set to 0.0.

Output of SMSIM and FAS Programs:

Two or three files are produced by the SMSIM program, the first containing a summary 
of the input and the results, and the second a file with columns containing the oscillator 

period and frequency and response spectra amplitudes (both pseudo relative velocity, PRV, 

and pseudo absolute acceleration, PA A; note that the "RV" in PRV should not be confused 

with the use of "RV to stand for "Random Vibration"). This latter file is in a convenient 
format to be imported into the graphics program that I use (CoPlot, published by CoHort 
Software, 1-800-728-9878). A third file is produced if it is desired to save a sample 
acceleration and velocity time series computed by the time-domain simulation. Sample 

output files are given in Figures 13, 14, and 15; a sample of the time series is given in Figure 
16. The output files from RV.DRVR includes estimates of dominant frequency, as measured 

from the frequency of zero crossings (equation 27 in Boore, 1983). In addition, the output 
includes the parameter eps that measures the bandwidth of the motion (eps = ^/l   £2 , 

where £ is given by equation (22) in Boore, 1983; see Cartwright and Longuet-Higgins, 
1956, p. 216-217, for more discussion). Finally, the random-vibration output also includes 
estimates of the number of extrema (nx) and the number of zero crossings (nz). The 
bandwidth parameter £ and nx and nz are related by f = nz/nx.

The response of a single-degree-of-freedom oscillator with gain of V and specified 

natural period (T0 ) and damping (77) can be obtained by multiplying the PRV output for 
the specified natural period and damping by the factor VT^/I-K. This scheme can be used 

to simulate the response of a Wood-Anderson instrument and thereby to obtain estimates 
of local magnitude ML corresponding to the ground motion. According to Uhrhammer and 

Collins (1990), for a Wood-Anderson instrument V = 2080, T0 = 0.8s, and rj = 0.69. Time 
series corresponding to the oscillator output are not returned by the programs, although 
they can be produced by a simple modification to the subprogram RD-CALC'm the module 
SMSIM.TD; the modification is indicated by a comment in RD.CALC.

The FAS program creates a summary file and a file with columns of frequency, period, 

and Fourier spectral amplitude for the ground displacement, velocity, acceleration, and 
oscillator response. The output is similar to that in Figures 13 and 14.
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With the units as given in the discussion of input, the output ground motion will be 

in cgs units.

INPUT AND OUTPUT OF SITE-AMPLIFICATION PROGRAMS:

As in the previous programs, input comes from the screen and from a parameter file.

Input From Screen:

SITE-AMP: The program first asks the user for the names of the input and output files. 
It then asks if the default coefficients of a linear relation between density and velocity will 
be used, in which case the program asks for the values specifying the end points of the 
line (the densities are given by the end-point values for velocities outside of the specified 

range). As explained below, the program looks at the parameter file and queries the user 
about whether the velocities are a piecewise continuous function of depth or represent a 

layered model. Finally, the program asks for the velocity and the density in the source 

region.

I have found that it is very convenient to produce the input-parameter file using a 
spreadsheet and printing the necessary columns to a file. With a spreadsheet it is easy 
to subdivide a thick const ant-velocity layer into pseudo-layers. This may be necessary to 

obtain amplifications at closely-spaced frequencies, since the program computes frequencies 
only for depths included in the input file (a future version will interpolate between input 

depth points to produce amplification at a specified set of frequencies). Using a spreadsheet 
also makes it easy to include velocity models of varying complexity (I often use power laws 
fit to two end points, as well as linear velocity gradients).

Regarding units: velocity and depth units can by anything as long as they are 
consistent with one another (i.e., depth in meters should be matched with velocity in 
meters per second). Note that if the densities are to be computed from the default end 
points, the velocity units must be kilometers per second. The density units do not have to 
be consistent with those of depth and velocity. I strongly advise that the density units be 
given in grams per cubic centimeters.

F4RATTLE: The program asks for the name of input and output files (with a default of 
Rattle.In for the output file, which is what the program RATTLE expects). The program 

then asks for a series of input parameters:

1. zdepth: The depth at which the response is to be computed (usually 0.0 for the ground
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surface).

2. theta: The angle of incidence, in degrees, of the incident wave (0.0 for vertical).

3. Q: The program asks for the attenuation parameter Q to be assigned to the layers. It 

assumes the same value for all layers.

4. sps, mx\ The final two parameters control the frequency spacing through the equation

ddf=sps/2mx.

They are used rather than a simple specification of the frequency spacing because the 

original intent of the program RA TTLE was to provide a table of response values that 
could be used with a Fourier transform to yield a time series of the response (in this 
context, sps is the number of samples per second in the time series and the number 
of samples is 2mx ). The number of frequencies for which the response is calculated is 

given by

The program RATTLE is currently being modified by C. Mueller, and as a result, 
it may be necessary to modify F4RATTLE to allow a different specification of the 

frequency spacing and number of frequency points.

Input From File:

SITE-AMP: A sample input file is given in Figure 17. The parameters in this file have 

been made up to illustrate the input; they do not represent a real application.

1. The first column is labeled "Depth", but it could also contain layer thickness. The 
units can be anything. If the first entry is "0.0", the program assumes that the 

entries will be depths and that the velocities and densities are the values for the 
specified depth; it asks the user to confirm this. If the first column is depth, then 
the program simply assumes straight- line connections between the entries. In this 
way a mix of linearly increasing, constant, and step changes can be included in the 
model. A constant parameter (velocity or density) over a depth range is entered 
by the depths that bound the layer, but with the same velocity or density for the 
two consecutive entries (e.g., as between depths 0.040 - 0.100 and 0.300-8.000 for 

the velocity parameter in the sample input file, with intermediate layers for better 
frequency resolution); similarly, a layered model can be included easily by entering 

the velocities and densities on either side of the interface, but with the same depth
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for the two consecutive entries (e.g., at depths of 0.040 and 0.300 in the sample input 
file).

2. The second column contains the velocities, in any units that match the depth units.

3. The third column contains the densities. An entry of "0.0" will flag the program to use 
the DENSITY function. To compute a density from the velocity, using the relation 
specified interactively or the default relation built into the program (with end points 
of 2.5 gm/cm? at 0.3 km/s and 2.8 gm/cm3 at 3.5 fcra/s, values that I have assumed 
for generic rock in WNA (see Boore and Joyner, 1996)). A nonzero entry will override 
the value that would have been computed by the DENSITY function (as has been 
done for a few depths in the sample input file, although it should be noted that the 
specified values for density of 3.0 and 4.0 gm/cc are very unrealistic).

F4RATTLE: This program uses a file made by SITE.AMP as input. 

Output of Site-Amplification Programs:

SITE-AMP: One output file is created with columns containing the input model, the 
average velocities and densities, and the frequency and amplification for each input 
depth. A sample is given in Figure 18. The first three columns repeat the input 
parameters. Column 4 contains the depths at which the velocities have been specified, 
without the repeated depths needed for layers of constant velocity (if the input depth 
column corresponds to depth rather than thickness); this is why nout ^ ndepths. Column 
5 is the travel time to the indicated depth; it is the basis for the rest of the results. 
Columns 6 through 8 contain a constant-velocity approximation to the input velocity 
model (it is constructed to give the same travel times for each depth as the continuous 
model) and are included as a convenience in case the approximate amplifications are to 
be checked using a wave-propagation program that requires a stack of const ant-velocity 
layers. Columns 9 and 10 are the velocities and densities averaged from the surface to the 
specified depth. Columns 11 and 12 are the computed frequency and amplification. Note 
that for identification purposes, the stem of the input file name has been used to label 
columns 11 and 12.

One way in which I use the program SITE.AMP is to import the output file into my 
graphics program and plot the amplification vs. frequency (using log-log axes). I then 
pick off a set of amplifications and frequencies that will be used as input to the SMSIM 
programs.

F4RATTLE: The output is a file in the format required by RATTLE.
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Figure 1. Response spectra computed with time-domain simulations and random- 
vibration simulations with various relations between the peak and rms values. The series 
expansion uses equation (21) in Boore (1983), and for the model parameters in this figure 
produces response spectra that are a discontinuous function of period. The function does 
not appear discontinuous in the plot because the period values are spaced too widely. The 
2-term asymptotic expansion uses equation (24) in Boore (1983), and the random-vibration 
results computed with numerical integration use equation (1) in this report.
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Figure 3. Illustration of the specification of Q(f): it is made up of three lines in 
log-log space. The lines shown are those for the parameters in the sample input file, which 
is an approximation of the Q(f) function in Boore (1984).
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Figure 4. The duration due to the path is made up of a series of straight lines specified 
by distance-duration pairs (circles) and the slope of the last line. The lines shown are those 
for the parameters in the sample input file, and correspond to the duration in Atkinson 
and Boore (1995).
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Figure 5. The site-amplification is specified by a series of straight lines in log frequency, 
log amplification space. The lines shown are those for the parameters in the sample input 
file, and are made up; they do not correspond to any of my published applications.
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Figure 6. The exponential window is specified by parameters whose meaning is shown 
here. Note that the abscissa has been normalized by a quantity proportional to the duration 
of the motion (tmotion). (In the program, tmotion is given by doubling the source plus 
path durations). The parameters have been chosen to illustrate their meaning and are not 
those in the input file.
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Figure 7. Comparison of simulations using box and exponential windows, with the 

random-vibration calculations for magnitude 4 at 10 km, using the parameters in the 
input-parameter file (except for the time-domain simulations, where indxwind = 0 for the 
box window).
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Figure 8. Comparison of simulations using box and exponential windows, with the 
random-vibration calculations for magnitude 4 at 200 km, using the parameters in the 
input-parameter file (except for the time-domain simulations, where indxwind = 0 for the 
box window).
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Figure 9. Comparison of simulations using box and exponential windows, with the 
random-vibration calculations for magnitude 7 at 10 km, using the parameters in the 
input-parameter file (except for the time-domain simulations, where indxwind = 0 for the 
box window).
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Figure 10. Comparison of simulations using box and exponential windows, with the 
random-vibration calculations for magnitude 7 at 200 km, using the parameters in the 
input-parameter file (except for the time-domain simulations, where indxwind = 0 for the 
box window and tsimdur = 50.0 for the exponential window).
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Figure 11. Comparison of simulations using the time-domain calculations with various 

values for nruns, with seed = nruns for each suite of realizations. The random-vibration 
results are shown for comparison. The calculations are for magnitude 4 at 10 km, using 
the parameters in the input-parameter file.
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Figure 12. Comparison of simulations using the time-domain calculations with various 
values for nruns, with seed = nruns for each suite of realizations. The random-vibration 
results are shown for comparison. The calculations are for magnitude 7 at 10 km, using 
the parameters in the input-parameter file.
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Figure 16. The time series from the column file partially shown in Figure 15.
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